Lysophosphatidic acid (LPA) together with its active G protein-coupled receptors are present in the corpus luteum (CL) of the cow. Under in vivo conditions, LPA stimulated P4 and PGE 2 secretion during the luteal phase of the estrous cycle in heifers. Furthermore, LPA maintained P4 synthesis and actions in the bovine CL in vitro. However, the effect of this phospholipid on nitric oxide (NO)-induced functional and structural luteolysis has not been investigated. The aim of the present work was to determine the effects of LPA on 1) NO-induced functional luteolysis, 2) NO-dependent PG synthesis, and 3) NO-induced structural luteolysis in cultured steroidogenic luteal cells. We documented that LPA reversed the inhibitory effect of NONOate, an NO donor, on P4 synthesis and PGE 2 /PGF2alpha ratio in cultured steroidogenic luteal cells. Additionally, LPA inhibited NO-induced apoptosis in cultured steroidogenic luteal cells via abrogation of the NO-dependent stimulatory influence on proapoptotic TNFalpha/TNFR1 and Fas/FasL expression, Caspase 3 activity, and the Bax/Bcl2 ratio during luteal regression in the bovine CL. In conclusion, this study proves that in the presence of LPA, NO cannot induce luteolytic capacity acquisition, leading to functional and structural luteolysis of bovine luteal cells.
INTRODUCTION
When cows do not become pregnant, the process of corpus luteum (CL) regression begins on Days 17-19 of the estrous cycle [1] . In cattle, luteolysis is primed by episodic release of endometrial prostaglandin F 2a (PGF 2a ), supported by intraluteal PGF 2a , that initiate luteolytic capacity acquisition required for functional regression of the CL (decline in progesterone [P4] production) followed by structural regression [2, 3] . During structural luteolysis, CL cells undergo apoptosis, which occurs through two main signaling cascades, namely, the death receptor pathway and the mitochondrial pathway [2, 4] . The extrinsic apoptotic route is initiated by extracellular signals (e.g., FasL, TNFa) that interact with cell surface receptors (e.g., Fas, TNFRs) that are responsible for transduction of cell death signaling [5] . On the other hand, the intrinsic apoptotic cascade is regulated by members of the Bcl-protein family. The relative ratio of Bcl-2, which protects against cell death, and Bax, a proapoptotic protein, determines cell fate [6] . All of these signals activate a cascade of intracellular regulatory proteins known as caspases [7] . Of the caspase family, caspase-3 is a pivotal executor of apoptosis during regression of the ovarian CL [8, 9] . The overall events of luteolytic capacity acquisition required for luteal regression are to a large extent dependent on a variety of intraovarian factors. A number of recent studies have suggested that besides uterine and ovarian PGs, nitric oxide (NO) is also involved in this process.
NO has been reported to play a role in luteolysis in the cow [10] [11] [12] . McCann et al. [13] documented before that NO was synthesized from L-arginine by the action of NO synthase (NOS), which exists in three isoforms: two are calcium/ calmodulin-dependent constitutive isoforms, classified as endothelial (eNOS) and neuronal (nNOS) isoforms, whereas the third is a calcium/calmodulin-independent inducible isoform (iNOS). Recently, Zerani et al. [14] demonstrated the cellular localization, enzymatic activity, and functional role of NOS isoforms in different stages of the estrous cycle in the cow. These authors found that enzymatic activity of eNOS and nNOS was higher in late luteal stage and lower in regressive stage, whereas iNOS was lower in the regressive CL [14] . The data of Zerani et al. [14] account for the major role of luteal NOSs during the transition from the luteotrophic to the luteolytic phase of the estrous cycle. There are also data in the literature that during the midluteal phase, an NO donor directly inhibited P4 secretion due to decreasing StAR, cytochrome P450scc, and 3bHSD expression in bovine midluteal cells [11, 15, 16] . In order to elucidate the role of NO in the regulation of steroidogenesis, Korzekwa et al. [12] examined whether NO induced structural luteolysis/apoptosis of the steroidogenic luteal cells. In these steroidogenic luteal cells, NO strongly stimulated proapoptotic bax expression with no effect on Fas and bcl-2 mRNA expression. Consequently, the ratio of bcl-2 to bax decreased. Moreover, in cultures of these cells, NO stimulated expression and activity of caspase-3 [12] . Furthermore, the experiments by other authors showed that inhibition of ovarian NO action prolonged the duration of the estrous cycle in vivo [11, 17] and documented the direct involvement of NO in the luteolytic capacity acquisition, leading to functional and structural luteolysis through its influence on intraluteal PG synthesis [18] . Based on the above data, NO has been proposed as a potential auto-/paracrine regulator of the functional and structural regression of the bovine CL [11, 19] .
Lysophosphatidic acid (LPA) is a simple lipid that is locally produced and released from the bovine CL [20] . In our previous study, we found a stimulatory effect of LPA on P4 synthesis and interferon (IFN)s action in the steroidogenic cells of the bovine CL [20] . We also found that infusion of heifers with LPA prevented spontaneous luteolysis, prolonged the functional life span of the CL, and also stimulated luteotropic PGE 2 synthesis in vivo [21] . However, there is no information on whether this effect is a result of either LPA-induced abolition of the inhibitory effect of NO on P4 production or LPA-induced modulation of the synthesis of intraluteal PGs or an LPA-dependent modulation of NO-induced expression of genes involved in apoptosis.
In the present study, to determine whether LPA stimulates or inhibits the action of NO in the bovine CL, we examined the effects of LPA in cultured steroidogenic luteal cells on 1) NOinduced functional luteolysis, 2) NO-dependent PG synthesis, and 3) NO-induced structural luteolysis.
MATERIALS AND METHODS

Animals
All animal procedures were approved by the Local Animal Care and Use Committee in Olsztyn, Poland (Agreement No. 79/2008/N). For all experiments, normally cycling Holstein/Polish Black and White (75% and 25%, respectively) cows (n ¼ 30) from two dairy herds were used (2008-2011). The animals were culled because of their low milk production. Estrus was synchronized by two injections of an analog of PGF 2a (dinoprost, Dinolytic; Upjohn & Pharmacia N.V.S.A.), as described previously [22] . Estrus was detected by visual signs (i.e., vaginal mucus, standing behavior) and confirmed by a veterinarian using ultrasonography (USG) with a Draminski Animal Profi Scanner (Draminski Electronics in Agriculture) and by per rectum examination. Only cows with behavioral signs of estrus and presence of a CL in the ovary confirmed by USG were chosen for the study (n ¼ 24). Estrus was taken as Day 0 of the estrous cycle.
Collection of Bovine CL
Animals were slaughtered on Days 8-10 of the estrous cycle at a local slaughterhouse (Zaklady Miesne ''Warmia,'' Biskupiec, Poland). Ovaries (n ¼ 8) were collected within 20 min of exsanguination and were transported on ice to the laboratory within 40 min. For each experimental repetition, luteal cells were isolated from a pool of three CLs. Estimation of the stages of the estrous cycle was additionally confirmed by macroscopic observation of the ovaries and uterus [23] .
Isolation and Incubation of Steroidogenic Cells
Enzymatic isolation of CL luteal tissue and culture of steroidogenic cells were performed as previously described [24, 25] . Cell viability was greater than 85% as assessed by trypan blue staining. The cell suspension comprised about 20%-25% large steroidogenic luteal cells, 70-75% small steroidogenic luteal cells, and less than 5% endothelial cells and fibroblasts, with no erythrocytes [25] . The final pellet of steroidogenic cells was suspended in culture medium, consisting of Dulbecco modified Eagle medium and Ham F-12 medium (DMEM/Ham F-12, 1:1 [v/v]; #D8900; Sigma) containing 10% calf serum (#16170-078; Gibco BRL) and 20 lg/ml gentamicin (#15750-060; Gibco BRL). Dispersed luteal cells were seeded at 5.0 3 10 4 viable cells/ml in six-well plates (#3335; COSTAR, Corning CellBIND Surface) and cultured at 37.58C in a humidified atmosphere of 5% CO 2 and 95% air. After culture for 24 h, the medium was replaced with fresh DMEM/Ham F-12, supplemented with 1% BSA (#A9056; Sigma), 5 ng/ml sodium selenite (#S1382; Sigma), 0.5 mM ascorbic acid (#A1417; Sigma), 5 lg/ml transferrin, and 20 lg/ml gentamicin (#G-1397; Sigma).
Experiment 1: Influence of LPA on NO-induced functional luteolysis in cultured steroidogenic cells. After the culture for 24 h, steroidogenic cells were exposed to an LPA agonist (1 oleoyl-sn-glycero-3-lysophosphatidic acid sodium salt [LPA]; 10 À6 M; #Alx 300-139-M005; Alexis), NO donor (NONOate; 10 À4 M; #82150; Cayman Chemical), and LPA þ NO donor for 6 h (mRNA evaluation) and 12 h (measurement of protein and P4 concentrations). The appropriate dose of LPA agonist was defined previously [20] . After incubation, the conditioned media were collected and frozen at À208C until measurement of P4 by an enzyme immunoassay (EIA) as previously described [26] . Gene expression for the enzymes involved in steroidogenesis (StAR protein, P450scc, 3bHSD) was quantitatively measured by real-time PCR. The cells for real-time PCR were disrupted with TRIzol Reagent (#15596; Invitrogen) and frozen at À808C until they were processed for RNA isolation. Protein levels for the enzymes involved in steroidogenesis in luteal cells were measured by Western blot analysis. Proteins were extracted using radioimmunoprecipitation assay buffer (RIPA buffer; 150mM NaCl, 50nM Tris base pH 7.2, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, and 5 mM EDTA) in the presence of a protease inhibitor cocktail (#11697498001; Roche). Experiment 2: Influence of LPA on NO-dependent PG synthesis in cultured steroidogenic cells. Steroidogenic cells were cultured and stimulated with exactly the same way and for the same time as in experiment 1. After incubation, the conditioned media were collected and frozen at À208C until measurement of PGE 2 
Total RNA Extraction, Reverse Transcription and Real-Time PCR
Total RNA was extracted from steroidogenic cells using TRI-ZOL according to the manufacturer's instructions. RNA samples were stored at À808C. Before use, RNA content and quality were evaluated by spectrophotometric measurement and agarose gel electrophoresis. One microgram of each sample of total RNA was reverse transcribed using a Maxima First Standard cDNA Synthesis Kit (#K1642; Thermo Scientific). The reverse-transcription (RT) reaction was performed in a total reaction volume of 20 ll, following the manufacturer's instructions, and products were stored at À208C until real-time PCR amplification.
The expression of mRNA for all genes examined was assessed by real-time PCR using specific primers for PTGS2, PGES, PGFS, StAR protein, P450scc, 3bHSD, Fas, FasL, Bcl-2, Bax, TNFa, TNFR-1, TNFR-2, and GAPDH; expression of the latter gene was used as an internal control. The primers were chosen using an online software package (http://frodo.wi.mit.edu/primer3/ input.htm). The primers of all target genes are shown in Table 1 .
Real-time PCR was performed with an ABI Prism 7900 sequence detection system using Maxima SYBR Green/ROX qPCR Master Mix (#K0222; Thermo Scientific). The PCR reactions were performed in 96-well plates. Each PCR reaction well (20 ll) contained 2 ll of diluted RT product, 10 pmol/ll each of forward and reverse primers, and 10 ll of SYBR Green PCR master mix. For relative quantification of mRNA expression levels (target gene versus housekeeping gene), miner software was used (http://www.miner.ewindup. info/version2). In the reaction, the primer length (20 base pairs) and GC-content of each primer (50%-60%) were selected. Real-time PCR was performed under the following conditions: 958C for 10 min, followed by 40 cycles at 948C for 15 sec and at 608C for 60 sec. Following each PCR reaction, melting curves were obtained by stepwise increases in the temperature from 608C to 958C to ensure single product amplification. In order to exclude the possibility of genomic DNA contamination in the RNA samples, the reactions were also run either on blank-only buffer samples or in the absence of reverse transcriptase. The specificity of the PCR products for all genes examined was confirmed by sequencing.
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Western Blot Analysis
For immunoblotting, protein fractions were obtained from total cell protein. Briefly, steroidogenic cells were collected from plates on ice in RIPA buffer containing 150 mM NaCl, 50 nM Tris base pH 7.2, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, and 5 mM EDTA in the presence of a protease inhibitor cocktail (#11697498001; Roche). Lysates were then sonicated and centrifuged at 12 000 3 g for 15 min at 48C. The protein samples were stored at À708C for further analysis. The protein concentration was determined according to Bradford [27] . Equal amounts (50 lg) of membrane fraction were dissolved in SDS gel-loading buffer (50 mM TrisHCl, pH 6.8; 4% SDS, 20% glycerol, and 2% b-mercaptoethanol), heated to 958C for 5 min, and separated on a 10% SDS-PAGE. Separated proteins were electroblotted using a semidry transfer method onto polyvinylidene difluoride membranes (Immobilon-P Transfer Membrane; #IPVH00010; Millipore) in transfer buffer (0.3 mM Tris buffer, pH 10.4, 10% methanol; 25 mM Tris buffer, pH 10.4, 10% methanol; 25 mM Tris buffer, pH 9.4, 10% methanol, 40 mM glycine). After blocking in 5% nonfat dry milk in TBS-T buffer (Trisbuffered saline, containing 0.1% Tween-20) for 1.5 h at 25.68C, the membranes were incubated overnight with rabbit polyclonal anti-PTGS2, PGES, PGFS, (dilution for three antibodies 1:500; #SAB4502491, Sigma; #T6079, Sigma; and #ab84327, Abcam, respectively); Fas, FasL, Bax, Bcl2, StAR protein, or 3bHSD antibody (dilution for six antibodies 1:100; #sc-7886, #sc-834, #sc-526, #sc-783, #sc-25806, and #sc-28206, respectively; Santa Cruz Biotechnology); goat polyclonal anti-TNFR-1, TNFR-2, TNFa, or P450scc antibody (dilution for all antibodies 1:100; #sc-1067, #sc-1074, #sc-1348, and #sc-18043, respectively; Santa Cruz Biotechnology); or mouse polyclonal anti-GAPDH antibody (concentration 0.05 lg/ml; #G8795; Sigma) at 48C. Subsequently, the enzymes were detected by incubating the membrane with secondary polyclonal anti-rabbit alkaline phosphataseconjugated antibody (dilution 1:20 000; for PTGS2, PGES, PGFS, Fas, FasL, Bax, Bcl2, StAR protein, and 3bHSD; #A3812; Sigma) or secondary polyclonal anti-goat alkaline phosphatase-conjugated antibodies (dilution 1:6000; for TNFR-1, TNFR-2, TNFa, and P450scc; #sc-2037; Santa Cruz Biotechnology) or secondary polyclonal anti-mouse alkaline phosphataseconjugated antibody (dilution 1:20 000) for GAPDH (#A3562; Sigma) for 1.5 h at 25.68C. After washing again in TBS-T buffer, immune complexes were visualized using the alkaline phosphatase visualization procedure. For densitometric analyses, the blots were scanned and the specific bands quantified using Kodak 1D Image Analysis software (Eastman Kodak). GAPDH was used as an internal control for protein loading.
Statistical Analysis
Statistical analyses were conducted using GraphPad PRISM v. 5.0 software (GraphPad Software, Inc.). All experimental data are shown as the mean 6 SEM, and differences were considered to be statistically different at P , 0.05. In experiments 1 and 2, differences between control and experimental groups were examined using one-way analysis of variance (ANOVA) followed by the Bonferroni multiple comparison test. Statistical significance of differences in caspase-3 activity between control and treated groups was analyzed using oneway ANOVA followed by the Bonferroni multiple comparison test. 
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RESULTS
Effect of LPA on NONOate-Induced Decrease in P4 Synthesis in Cultured Steroidogenic Luteal Cells on Days 8-12 of the Estrous Cycle LPA reversed the inhibitory effect of NONOate on P4 production by cultured steroidogenic luteal cells ( Fig. 1; P ,  0.05) . LPA reversed the inhibitory effect of NONOate on StAR protein, P450scc, and 3bHSD mRNA expression (Fig. 2, A-C; P , 0.05) and on StAR and 3bHSD protein expression (Fig. 2 , D and F; P , 0.05) in cultured steroidogenic luteal cells.
Effect of LPA on NONOate-Dependent PG Synthesis in Cultured Steroidogenic Luteal Cells on Days 8-12 of the Estrous Cycle LPA partially reversed the inhibitory effect of NONOate on PGE2 production by cultured steroidogenic luteal cells (Fig.   FIG. 2 . Expression of mRNAs (A-C) and proteins (D-F) for StAR protein, cytochrome P450scc, and 3bHSD, respectively, in luteal cells isolated from CLs from the midluteal stage of the estrous cycle. Cells were incubated with LPA (10 À6 M), NONOate (10 À4 M), and NONOate with LPA for 6 h (for mRNA expression measurement) or 12 h (for protein level measurement). All values are expressed as the mean 6 SEM of StAR protein, P450scc, and 3bHSD expression. Different letters indicate significant differences (P , 0.05) as determined by one-way ANOVA followed by the Bonferroni multiple comparison test.
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3A; P , 0.05). LPA reversed the stimulatory effect of NONOate on PGF 2a synthesis in cultured steroidogenic luteal cells ( Fig. 3B ; P , 0.05). LPA reversed the inhibitory effect of NONOate on PGE 2 /PGF 2a ratio in cultured steroidogenic luteal cells ( Fig. 3C ; P , 0.05). We also found LPA-dependent stimulation of PTGS2 mRNA expression in the cells ( Fig. 4A ; P , 0.05). LPA partially reversed the inhibitory effect of NONOate on PGES mRNA expression ( Fig. 4B ; P . 0.05).
LPA inhibited PGFS protein level in the cultured steroidogenic luteal cells ( Fig. 4F; P , 0.05) .
Effect of LPA on NONOate-Induced Apoptosis of Cultured Steroidogenic Luteal Cells on Days 8-12 of the Estrous Cycle
Administration of LPA alone did not influence the expression of mRNA or protein levels of TNFa, TNFR1, or TNFR2 ( Fig. 5 ; P . 0.05). NONOate elevated both TNFa and TNFR1 proteins (Fig. 5, D and E ; P , 0.05). LPA inhibited the stimulatory effect of NONOate on the levels of TNFa and TNFR1 proteins (Fig. 5, D and E ; P , 0.05). NONOate reduced both the mRNA and protein levels of TNFR2 (Fig. 5 , C and F; P , 0.05).
There was no direct effect of LPA on the expression of mRNA and protein of FasL and Fas ( Fig. 6 ; P . 0.05). NONOate elevated the protein level of FasL and Fas (Fig. 6 , C and D; P , 0.05), while LPA inhibited only the stimulatory effect of NONOate on the protein level of Fas in the cultured steroidogenic luteal cells ( Fig. 6D ; P , 0.05).
LPA did not alter the expression of mRNA and protein of Bax, Bcl2, or the Bax/Bcl2 ratio ( Fig. 7 ; P . 0.05). LPA inhibited the stimulatory effect of NONOate on the expression of mRNA and protein of Bax and the Bax/Bcl2 ratio (Fig. 7 , A, C, D, F; P , 0.05).
NONOate increased Caspase3 activity ( Fig. 8 ; P , 0.05), while LPA decreased Caspase3 activity induced by NONOate ( Fig. 8 ; P , 0.05).
DISCUSSION
Our results showed that LPA inhibited the process of functional and structural regression of the CL controlled by NO. Recently, we demonstrated the presence of LPA and its G protein-coupled receptors (GPCRs-LPARs) in bovine luteal tissue [20] . Furthermore, LPA stimulated P4 synthesis by enhancing 3bHSD expression and IFNs-dependent stimulation of gene expression in steroidogenic cells from Days 8-12 of the estrous cycle [20] . Although LPA maintains P4 synthesis and action in the bovine CL in vitro [20] , the modulatory role of LPA in the process of functional and structural regression of the CL controlled by NO has not been determined. In the present study, we found that LPA reversed the inhibitory effect of NONOate on P4 synthesis and on PGE 2 /PGF 2a ratio in cultured steroidogenic luteal cells. Additionally, LPA inhibited NO-induced apoptosis in these cells via abrogation of the NOdependent stimulation of proapoptotic TNFa/TNFR1 and Fas/ FasL complexes, Caspase 3 activity, and the Bax/Bcl2 ratio during luteal regression in the bovine CL. These findings strongly suggest that in the presence of LPA, NO cannot induce luteolytic capacity acquisition, leading to functional and structural luteolysis of bovine luteal cells.
Lysophosphatidic acid signaling effects on reproductive function have been extensively studied in several species, including cattle [21, 28] . This phospholipid is generated mainly from plasma lysolipids by activated platelets and is present in reproductive organs [29] . We have documented previously that LPA is present in uterine venous blood plasma and bovine endometrial tissue [28] . Moreover, in the study by KowalczykZieba et al. [20] , we also found LPA presence in luteal tissue [20] . Our previous study showed that LPA administered into the abdominal aorta stimulated P4 and PGE 2 secretion during the luteal phase of the estrous cycle in vivo [28] . Additionally, blocking the effect of endogenous LPA decreased the pregnancy rate [21] . Moreover, during early pregnancy, LPA 
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infused intravaginally stimulated P4 and PGE 2 secretion [21] . Our most recent in vitro study showed dynamic changes in LPA concentration and LPARs expression in CL tissue during the estrous cycle and early pregnancy as well as a stimulatory effect of LPA on P4 synthesis and IFNs action in bovine CL steroidogenic cells [20] . All of the above findings together strongly suggest that LPA is an auxiliary luteotropic factor in bovine CL steroidogenic cells. However, there was no information about whether this effect is a result of LPAinduced abolition of the inhibitory effect of NO on P4 and/or on PG production and/or an LPA-dependent modulation of the NO-induced expression of genes involved in apoptosis. In the present study, we attempted to evaluate the potential modulatory role of LPA on the luteolytic mechanism induced by NO.
In our experiments, we found that LPA abolished the inhibitory effect of NO on P4 production due to modulation of the inhibitory effect of NO on StAR and 3bHSD expression. It has been demonstrated previously that changes in P4 concentration throughout the luteal phase are associated with NO-mediated blood flow alterations [30, 31] . During the luteolytic cascade in the cow, CL blood flow increases in response to uterine PGF 2a [32] . Moreover, Skarzynski and Okuda [33] demonstrated that NO directly inhibited P4 secretion from bovine luteal cells in vitro. Rekawiecki et al. [16] reported decreasing StAR, cytochrome P450scc, and 3bHSD expression in response to NO in bovine midluteal cells. However, in the present study, we did not find any influence of NO alone or NO in combination with LPA on cytochrome P450scc protein expression in cultured steroidogenic luteal cells. The discrepancies between these results and those of previous studies may be related to differences in the in vitro techniques used. In contrast to our procedures, Rekawiecki et al. [16] stimulated luteal cells with a different NO donor, Snitroso-L-acetyl penicillamine (S-NAP), and cultured the cells for a longer period of time. Jaroszewski et al. [17] showed that both NONOate and S-NAP were equally efficient in inhibiting P4 secretion; nevertheless, the NONOate was much more effective in releasing NO. Therefore, we decided to use NONOate in our experimental model. Additionally, the 6-h , and NONOate with LPA for 6 h (for mRNA expression measurement) or 12 h (for protein level measurement). All values are expressed as the mean 6 SEM of TNFa, TNFR1, and TNFR2 expression. Different letters indicate significant differences (P , 0.05) as determined by one-way ANOVA followed by the Bonferroni multiple comparison test.
treatment time used in our experiments was chosen as a result of the previously studied effect of LPA on P4 secretion from steroidogenic CL cells at the midluteal phase [20] . In this aspect, we should consider events occurring at the midluteal stage of the estrous cycle to represent a crucial period in the CL life span for P4 secretion [34] . During this period, LPA, originating mainly from blood plasma and uterus [28] but also from the CL [20] , can be a luteosupportive factor for steroidogenesis. This role derives not only from LPA directly stimulating P4 synthesis [20] but also from inhibiting the action of the potently synthesized NO in the CL [14] on P4 synthesis in bovine steroidogenic luteal cells.
Moreover, it was previously shown that NO directly regulated PGF 2a secretion from the bovine CL both in vivo [19] and in vitro [33] . In addition, Skarzynski et al. [11] examined the effect of NO on luteal function in vivo. Under in vivo conditions, inhibition of ovarian NO synthesis resulted in stimulation of P4 secretion via abrogation of PGF 2a -induced luteolysis, which consequently extended the functional life of the CL [11] . These facts account for the equal involvement of the intraluteal PGF 2a and NO in the luteolytic capacity acquisition required for luteal regression in the cow [18, 35, 36] . Although the main area of PG production in ruminants is the uterus, CL can also synthesize both luteotropic PGE 2 and luteolytic PGF 2a [37] . This fact accounts for paracrine and autocrine roles for these two PGs [35, 36, 38] . Taking the above into consideration, we demonstrated that LPA reversed both the stimulatory effect of NO on PGF 2a secretion and partially reversed the inhibitory effect of NO on PGE 2 secretion in the steroidogenic luteal cells. Consequently, this led to LPA induced abrogation of the inhibitory effect of NO on the PGE 2 / PGF 2a ratio in the cultured steroidogenic luteal cells and thus redirected the balance between both PGs in the CL toward luteotropic PGE 2 .
The process of CL regression is characterized not only by functional but also by structural changes in the cells [2, 39] . Structural luteolysis is a complex of morphological changes leading to elimination of the CL from the ovary through an apoptotic mechanism [2, 4, 40, 41] . Apoptosis can be initiated via several cytokine receptors, including the TNF superfamily of receptors (TNFRs). The presence of TNFa as well as TNFR1 and TNFR2 has been described in all types of luteal cells, including small and large steroidogenic cells [42] . TNFa acting via TNFR1 induces apoptotic death of steroidogenic cells of the bovine CL [43] but can also support cell survival, growth, and differentiation by binding to TNFR2 [44] . Both in vivo [45] and in vitro [12] studies have revealed that TNFa increases the concentration of stable metabolites of NO (nitrite/ nitrate). Nitric oxide is proposed as an important mediator of luteolysis in the cow [10, 11] . However, there was previously no information on whether NO can stimulate TNFa action in bovine luteal cells. Our study is the first to show that NO increases protein expression for TNFa and TNFR1 and decreases mRNA and protein expression for TNFR2 in cultured steroidogenic luteal cells from Days 8 to 12 of the estrous cycle. Our data, together with results obtained by Skarzynski et al. [45] , suggest that NO and TNFa establish a local positive feedback loop and may amplify the effects of NO in bovine steroidogenic luteal cells. Furthermore, we documented that LPA abolished the NO-induced effect on TNFa Fas mRNA has been demonstrated in the bovine CL throughout the estrous cycle [46] . Furthermore, Fas/Fas-Lmediated apoptosis plays an important role in structural luteolysis of bovine steroidogenic luteal cells [46] . Additionally, Korzekwa et al. [12] reported that NO strengthens this mechanism by upregulation Fas mRNA expression. In the present study, although LPA did not affect Fas expression directly, it abolished the NO-dependent stimulatory effect on Fas protein expression. Furthermore, LPA did not affect the stimulatory effect of NONOate on FasL protein expression. However, we did not observe any effect of NONOate on Fas and Fas-L mRNA expression. These findings differ in part from the results of Korzekwa et al. [12] , which indicated that NO did not affect Fas-L mRNA expression but significantly stimulated Fas gene expression. The discrepancies between these reports may derive from different times used for gene expression studies. Structural regression of the bovine CL commences 12 h after the onset of [47] . In the present study, after only 6 h, we did not find any modulatory effect of NONOate on Fas gene expression. However, after 12 h, we observed a stimulatory effect of NONOate on Fas protein expression. These findings suggest that LPA suppresses Fas/ Fas-L-induced apoptosis by reducing the stimulatory effect of NO on Fas protein expression in bovine steroidogenic luteal cells.
We suspected that, if LPA can have the effect on NOinduced apoptosis in the death receptor pathway in the bovine CL, it would also influence the action of NO in the mitochondrial pathway of apoptosis. The intrinsic apoptotic cascade is regulated by members of the Bcl-protein family, which is composed of antiapoptotic (e.g., Bcl-2) and proapoptotic (e.g., Bax) proteins [40, 41] . The gene and protein expression ratios of Bcl-2 to Bax have been reported to be the critical determinants of cell fate [41, 48] . Moreover, the ratio of Bcl-2 mRNA to Bax mRNA in the bovine CL significantly decreased at the time of luteolysis [48] . Furthermore, Korzekwa et al. [12] reported that NO participated in the progression of apoptosis in the bovine CL by increasing Bax expression and consequently decreasing the Bcl-2 to Bax ratio. In the present study, although LPA itself did not affect Bax expression, LPA abolished the stimulatory effect of NONOate on mRNA and protein expression of Bax in steroidogenic luteal cells. However, LPA did not have any modulatory effect on Bcl2 expression. Therefore, LPA seems to play a role in the mechanisms protecting CL from apoptosis that affect the amplification loop via mitochondria since it abolished the stimulatory effect of NO on proapoptotic Bax expression at Days 8-12 of the estrous cycle in the cow. This consequently decreased the ratio of Bax to Bcl-2, which directs these cells toward the survival state. Activation of the intrinsic death pathway involves release of cytochrome C into the cytosol, which, in turn, promotes formation of the apoptosome and activation of the effector Caspase 3, a final step in apoptosis [49] . Caspase 3 is the best-characterized enzyme of the 14 identified caspase family members [9] and was reported to be a pivotal executor of apoptosis during regression of the CL [8, 9] . Furthermore, Korzekwa et al. [12] found that Caspase3 activity can be increased by NO in cattle. In our study, although LPA did not affect Caspase3 activity directly, it abolished the NO-dependent stimulatory effect on Caspase3 activity in the cultured steroidogenic luteal cells.
In conclusion, the overall results suggest that LPA rescues steroidogenic luteal cells from NO-induced luteolytic capacity acquisition required for luteal regression via modulation of the luteolytic effect of NO on both functional and structural luteolysis in the cow. These effects of LPA may operate in two ways. First, P4 protects the bovine CL against apoptosis, precluding initiation of the apoptosis process [2, 4] ; LPA supports steroidogenesis via inhibition of NO action in bovine steroidogenic luteal cells, which are directly responsible for P4 synthesis [34] . Second, LPA inhibits NO-induced apoptosis in cultured steroidogenic luteal cells via abrogation of the NOdependent stimulatory influence on proapoptotic TNFa/ TNFR1 and Fas/FasL complexes, the Bcl2/Bax ratio, and Caspase 3 activity during luteal regression. These results indicate the importance of LPA as an significant modulator of the luteal stage in the cow. Different letters indicate significant differences (P ,0.05) as determined by one-way ANOVA followed by the Bonferroni multiple comparison test.
